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Self-reporting dynamic covalent polycarbonate
networks†
Alexander M. Schenzel,a,b Norbert Mosznerc and Christopher Barner-Kowollik*a,b,d
Here, we report the ﬁrst-time development of polycarbonate networks with self-reporting thermoreversi-
ble bonding/debonding on demand properties. The reversible linkages within the network are based on a
Hetero–Diels–Alder (HDA) moiety, which is able to undergo cleavage and rebonding as a function of
temperature within minutes. As HDA pair a phosphoryl dithioester and a cyclopentadiene moiety are
employed as bonding and debonding take place in the temperature range between 25–120 °C. The
degradation and rebonding can be readily traced by visible inspection due to the self-reporting nature of
the HDA moiety. In order to prove the reversibility, linear polycarbonates (Mw = 4.200–20.000 g mol
−1)
including the reversible linkage in each repeating unit were generated and carefully analyzed using size
exclusion chromatography (SEC), UV/Vis analysis and high temperature 1H NMR spectroscopy.
Subsequently, polycarbonate networks bearing HDA units – allowing the networks to be fully degraded
into small molecules – were synthesized, debonded and bonded several times in the temperature range
between 25 and 120 °C within minutes. The present study thus introduces fully degradable polycarbonate
networks based on a facile chemical concept as a viable alternative to networks based on C–C bond for-
mation that disallow a complete degradation.
Introduction
The design of bonding/debonding on demand polymeric
materials that are able to change their physical properties
rapidly in a cyclic fashion due to an external trigger is a highly
investigated subject in materials science.1–4 In general, triggers
such as light,5–7 heat,8,9 pH changes,10,11 or an acid/base
reaction12–14 can be employed to alter polymeric structures.
Within the field of reversible degradable polymeric materials,
the investigation of reversible covalent bonds within a poly-
meric network is of key interest today, as it allows the most
drastic changes in the polymer properties.15 Within this
context, a broad range of chemical concepts have been investi-
gated, such as photoreversible olefin cycloadditions,16 carbene
dimerization,17 sulfide coupling18 and thermally cleavable
alkoxyamines.19 Thereby, Diels–Alder (DA) and Hetero–Diels–
Alder (HDA) chemistry are highly interesting and by far the
most widely investigated reversible linkage mechanisms. This
is due to the availability of a broad variety of dienes and dieno-
philes that can potentially be utilized, allowing the fine-tuning
of the temperature range in which the bonding and debonding
takes place.20–24 Furthermore, not only the chemical structure
of the diene and ene can be employed to adjust the equili-
brium position (and thus the bonding/debonding tempera-
tures), yet also the location of the linkage within the macro-
molecular chain as well as the persistence length and chain
length of the macromolecular segments to either side of the
linkage can critically influence – on the basis of entropic
eﬀects – the debonding temperatures.25,26
A closer look at the origin of reversibly degradable materials
indicates that chain- and step-growth based polymers show
drastically diﬀerent abilities in terms of their degradability
(and reversibility). Specifically, in polymers formed via a free
radical polymerization (FRP), the stimuli-responsive moiety
cannot be incorporated into the C–C based lateral chain of the
polymer. Therefore, FRP based polymer networks can only be
degraded into linear polymers, as only the crosslinks between
the polymeric chains can bear the reversibly degradable
moiety.27 In contrast, step-growth based polymers can be
designed to contain a responsive moiety within every repeating
unit, resulting in the possibility to degrade the polymer into
small molecules. Therefore, the change in physical properties
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of the polymer can be increased significantly compared to a
FRP based bonding/debonding on demand network.28 As poly-
carbonates constitute a vital part of the polymers produced via
step-growth polymerization (4.4 Mio. t in 2016),29 today, poly-
carbonates with bonding/debonding abilities are of major
interest. Critically, however, only polycarbonates bearing a
stimuli-responsive end group or side-chain functionality are
known in literature, with fully degradable polycarbonate net-
works being virtually absent.30–33
The current study seeks to fill this critical gap by introdu-
cing polycarbonate based cross-linked materials bearing the
reversible linkage within every repeating unit, allowing degra-
dation to the small molecule level, and therefore resulting in
drastic changes in the physical properties of the network. The
reversibility is based on a temperature dependent equilibrium
of a HDA system that can be cleaved and rebonded in a certain
temperature range. The employed phosphoryl dithioester
cyclopentadiene pair was chosen as it shows bonding/debond-
ing behavior between 30 and 140 °C within minutes resulting
in a rapid change of the material properties under relatively
mild conditions. As bisphenol A based polycarbonates can
only be degraded irreversibly at temperatures above 480 °C,34
the developed material represents a significant advance over
the state of the art, making the system interesting for several
fields of applications, such as medical technology, where the
material properties of polycarbonates need to be drastically
adjusted in response to an external trigger signal.
Experimental section
Materials
1,3,5-Benzenetricarbonyl trichloride (98%, Sigma Aldrich),
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 98%, Alfa Aesar),
3-bromo-1-propanol (97%, Alfa Aesar), 4-bromobutyryl chloride
(97%, Alfa Aesar), cyclopentadienyl sodium (NaCp, 2.0 M in
THF, Sigma Aldrich), dichloromethane (DCM, 99.8%, dry,
Acros), dimethyl carbonate (DMC, 99%, Sigma Aldrich), ethyl
acetate (EA, 98%, VWR), ethylene glycol (99%, Sigma Aldrich),
N,N-dimethylformamide (DMF, 99%, Merck), n-hexane (98%,
VWR), oxalyl chloride (98%, Sigma Aldrich), phosgene (15 wt%
solution in toluene, Sigma Aldrich), pyridine (anhydrous,
99.8%, Sigma Aldrich), tetrahydrofuran (THF, 99.5%, Acros),
triethylamine (≥99%, Sigma Aldrich) and zinc chloride
(≥98%, Sigma Aldrich) were used as received.
4-((((Diethoxyphosphoryl)carbonothioyl)thio)methyl)benzoic
acid (PDT) and 1,10-di(cyclopentadienyl)decane (DiCp-linker)
were synthesized according to a previous publication.27
Synthesis of the HDA containing diol (HDA-diol)
In order to prepare a HDA-containing polycarbonate, a diol
bearing two HDA moieties had to be synthesized in a previous
step. Hence, 1.0 g of PDT (1.0 eq., 2.87 mmol) was dissolved in
20 ml of dry DCM. After the addition of 0.1 mL dry DMF,
0.27 mL of oxalyl chloride (1.1 eq., 3.16 mmol, 400 mg) were
added dropwise and the reaction mixture was stirred for 2 h at
ambient temperature. After removal of the solvent, 20 mL
ethylene glycol were added and the solution was heated to
60 °C for 16 h. DCM was added and the organic phase was
washed with water, NaHCO3 solution and brine. The solvent
was removed and the crude product was purified via column
chromatography (cyclohexane/EA 1/1) to yield a purple
liquid of PDT-OH (740 mg, 70% yield). 1H NMR (400 MHz,
CDCl3, δ, ppm): 1.34 (t, 6H, OCH2CH3), 3.88–3.95 (m, 2H,
OCH2CH2OH), 4.17–4.32 (m, 4H, OCH2CH3), 4.38–4.45 (m, 2H,
OCH2CH2OH), 4.48 (s, 2H, SCH2), 7.35 (d, 2H, ArH), 7.98 (d,
2H, ArH).
1.0 g of PDT-OH (2.0 eq., 2.66 mmol), 360 mg of DiCp-
linker (1.0 eq., 1.33 mmol) and 20 mg ZnCl2 (0.1 eq.,
0.13 mmol) were dissolved in 20 mL EA and stirred for
20 minutes. After washing with water, the solvent was removed
to yield the HDA-diol as a colorless and highly viscous liquid
(1.35 g, 99%). 1H NMR (400 MHz, DMSO-d6, δ, ppm): 1.12–1.35
(m, 24H, OCH2CH3, CHDACH2CH2(CH2)3), 1.37–1.58 (m, 4H,
CHDACH2CH2(CH2)3) 1.65–1.99 (m, 4H, CHDACH2CH2(CH2)3),
2.09–2.41 (m, 4H, CH2,HDA-bridge), 3.32–3.43 (m, 2H, CHHDA),
3.65–3.73 (m, 4H, SCH2Car), 4.02–4.23 (m, 4H, OCH2CH2OH),
4.24–4.33 (m, 8H, OCH2CH3), 4.39–4.50 (m, 4H, OCH2CH2OH),
5.43–6.42 (m, 4H, CHHDA-Db.), 7.50 (d, 4H, ArH), 7.93 (d, 4H,
ArH). ESI-MS (+Na+): m/z calculated 1077.3274, found
1077.3289.
Synthesis of HDA containing linear polycarbonates
(DiHDA-PC)
Diﬀerent ratios of the HDA-diol and phosgene (15 wt% in
toluene, ratios between 1.00 : 1.00 for P4, to 1.00 : 0.90 for P1)
were dissolved in dry DCM. Dry pyridine (2.0 eq. compared to
diol) was added and the reaction mixture was stirred at
ambient temperature for 6 h. Subsequently, the polymer was
precipitated in n-hexane and dried under reduced pressure. 1H
NMR (400 MHz, DMSO-d6, δ, ppm): 1.10–1.38 (m, OCH2CH3,
CHDACH2CH2(CH2)3), 1.38–1.60 (m, CHDACH2CH2(CH2)3)
1.70–2.00 (m, CHDACH2CH2(CH2)3), 2.08–2.38 (m, CH2,HDA-bridge),
3.38–3.45 (m, CHHDA), 3.65–3.75 (m, SCH2Car), 3.88–4.01 (m,
OCH2CH2OH), 4.02–4.23 (m, OCH2CH3), 4.32–4.33 (m,
OCH2CH2OC(O)), 4.40–4.50 (m, OCH2CH2OH), 4.92 (t,
OCH2CH2OC(O)) 5.43–6.42 (m, CHHDA-Db.), 7.50 (d, ArH), 7.93
(d, ArH). Detailed SEC analysis of the polycarbonates P1–P4
can be found in the ESI.†
Synthesis of the HDA containing triol (HDA-triol)
In order to synthesize a HDA-containing polymer network that
can be degraded into small molecules, a triol bearing three
HDA units had to be prepared beforehand. Therefore, 6.5 mL
3-bromo-1-propanol (4 eq., 72 mmol, 10 g) were dissolved in
dry DCM at 0 °C. 10 ml triethylamine (4 eq., 72 mmol, 7.2 g)
were added and the solution was stirred at 0 °C for
30 minutes. Next, a solution of 4.8 g 1,3,5-benzenetricarbonyl
trichloride (1.0 eq., 18 mmol) in 20 mL dry DCM was added
dropwise. The solution was stirred at 0 °C for 2 h and sub-
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sequently at ambient temperature for 16 h. The white precipi-
tant was filtered oﬀ and the solution was washed with
NaHCO3 solution and brine. After removing the solvent, the
crude product was purified via column chromatography (cyclo-
hexane/EA 3/1) to yield the TriBr-linker as a white solid (6.3 g,
62% yield). 1H NMR (400 MHz, CDCl3, δ, ppm): 2.37 (dt, 6H,
CH2BrCH2CH2O), 3.56 (t, 6H, CH2BrCH2CH2O), 4.54 (t, 6H,
CH2BrCH2CH2O), 8.84 (s, 3H, Har).
To a solution of 10.5 mL of a 2 M NaCp solution in THF
(6.0 eq., 21 mmol) in 30 mL dry THF, a solution of 2.0 g TriBr-
linker (1.0 eq., 3.5 mmol) in 30 mL dry THF was added drop-
wise at 0 °C. After stirring for 1 h at 0 °C, the reaction mixture
was filtered over silica gel using 200 mL EA. After removal of
the solvent the crude product was purified via column chrom-
atography (cyclohexane/EA 6/1) to yield the TriCp-linker as a
yellow liquid (430 mg, 25% yield). 1H NMR (400 MHz, CDCl3,
δ, ppm): 2.08 (dt, 6H, CH2BrCH2CH2O), 2.55 (t, 6H,
CH2BrCH2CH2O), 2.96 (d, 6H, CH2Cp), 4.42 (t, 6H,
CH2BrCH2CH2O), 6.05–6.46 (m, 9H, CHCp), 8.84 (s, 3H, Har.).
430 mg TriCp-linker (1.0 eq., 0.8 mmol) were directly added
to a solution of 950 mg PDT-OH (3.0 eq., 2.4 mmol) and 2 mg
ZnCl2 (0.1 eq., 0.08 mmol) in DCM to prevent dimerization of
the Cp moieties. The solution was stirred for 20 minutes at
ambient temperature. After washing with water, the solvent
was removed to yield the HDA-triol as a white solid (1.36 g,
99% yield). 1H NMR (400 MHz, CDCl3, δ, ppm): 1.15–1.43 (m,
18H, OCH2CH3), 1.60–1.89 (m, 6H, CHDACH2CH2CH2O),
1.90–2.11 (m, 6H, CHDACH2CH2CH2O), 2.15–2.45 (m, 6H,
CH2,HDA-bridge), 3.01–3.34 (m, 3H, CHHDA), 3.35–3.52 (m,
6H, SCH2Car), 3.85–4.00 (m, 6H, OCH2CH2OH), 4.01–4.25
(m, 12H, OCH2CH3), 4.26–4.54 (m, 12H, OCH2CH2OH,
CHDACH2CH2CH2O), 5.56–6.46 (m, 6H, CHHDA-Db.) 7.50 (d, 6H,
ArH), 7.93 (d, 6H, ArH), 8.84 (s, 3H, Har.). ESI-MS (+Na
+): m/z
calculated 1727.3956, found 1727.4114.
Synthesis of the HDA-containing polycarbonate network
(TriHDA-PC)
2.0 g HDA-triol (2.0 eq., 1.2 mmol) and 0.15 mL dimethyl car-
bonate (3.0 eq., 1.8 mmol, 160 mg) were dissolved in 2 mL of
DCM. 1.5 mg TBD (0.02 eq., 0.01 mmol) was added and the
reaction mixture was heated to 35 °C for 24 h. The formed
network was dried under reduced pressure.
Characterization
1H NMR spectroscopy. 1H NMR spectroscopy was carried out
on a Bruker Advance III 400 spectrometer with a CryoProbe at
400 MHz in CDCl3 or DMSO-d6 with 16 scans for standard
measurements and in DMSO-d6 with 128 scans for the linear
polymers.
UV-visible spectroscopy. UV-visible spectroscopy was per-
formed using a Cary 300 Bio spectrophotometer (Varian) fea-
turing a thermostated sample cell holder. Absorption spectra
of the samples were recorded with a resolution of 1 nm and a
slit width of 2 nm in a quartz glass cuvette (VWR, quartz glass
SUPRASIL®). The absorption at 530 nm was measured in DMF
(concentration: 10 mg mL−1) at temperatures ranging from 20
to 100 °C (upper limit of the instrument), with a heating/
cooling rate of 5 °C min−1.
Size exclusion chromatography (SEC). Size Exclusion
Chromatography (SEC) measurements were performed on a
Polymer Laboratories (Varian) PL-GPC 50 Plus Integrated
System, comprising an autosampler, a PLgel 5 mm bead-size
guard column (50 × 7.5 mm), one PLgel 5 mm Mixed E
column (300 × 7.5 mm), three PLgel 5 mm Mixed C columns
(300 × 7.5 mm) and a diﬀerential refractive index detector
using THF as the eluent at 35 °C with a flow rate of 1 mL
min−1. The GPC system was calibrated using linear poly
(styrene) standards ranging from 476 to 2.5 × 106 g mol−1 and
linear poly(methyl methacrylate) standards ranging from 700
to 2 × 106 g mol−1. The resulting molar mass distributions
were determined by universal calibration using Mark–
Houwink parameters for PMMA (K = 0.000128 dL g−1, α =
0.69).35
Results and discussion
The aim of the study was to prepare a polymer network based
on a step-growth polymerization process that can reversibly be
cleaved and rebonded multiple times. In contrast to a radical
polymerization, a polyaddition or -condensation reaction has
the advantage that the reversible linkage can be incorporated
into the backbone of the polymer, allowing the network to be
degraded into small molecules instead of merely linear poly-
meric chains (Scheme 1). As reversible linkage, a HDA moiety
was selected. To ensure a fast cleavage and reformation under
Scheme 1 General concept of the bonding/debonding on demand
polycarbonate. The network is formed via the reaction of a triol species
(HDA-triol) – which is formed via an HDA reaction of the TriCp-linker
and PDT-OH – with dimethylcarbonate using TBD as catalyst. The
network is then able to bond and debond on demand due to the HDA
units within minutes as a function of the applied temperature.
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relatively mild conditions, a phosphoryl dithioester (PDT) and
a dicyclopentadiene-linker (DiCp-linker) were used as diene
and dienophile. The employed HDA-pair has proven to be an
excellent choice as earlier studies revealed that it can cleave
and reform within minutes at temperatures between 30 and
140 °C, depending on the degree of debonding.8,27 As the
HDA pair starts to cleave at close to 30 °C, a step-growth
polymerization had to be employed that can be conducted at
ambient temperatures. Therefore, polycarbonates were
formed based on the reaction of an alcohol – bearing the HDA
moieties – with either phosgene or dimethyl carbonate
(HDA-PC).
Linear polycarbonates (HDA-PC)
To analyze the reversibility, linear polycarbonates (HDA-PC)
were formed in an initial step. The synthetic strategy is depicted
in Scheme 2. PDT and the DiCp-linker were synthesized accord-
ing to a previous publication.27 The PDT was subsequently ester-
ified in order to obtain an alcohol by using an in situ formation
of the carbonyl chloride with oxalyl chloride, followed by an
esterification reaction using ethylene glycol (PDT-OH). To
obtain a polymerizable diol (HDA-diol), the PDT-OH and the
DiCp-linker were reacted in a HDA reaction using zinc chloride
as catalyst. The polymerizations were then carried out by
employing the prepared HDA-diol and a phosgene solution
under pyridine catalysis at ambient temperature. Next, the poly-
mers were readily purified via precipitation in hexane.
As can be seen in Fig. 1a, diﬀerent weight-average mole-
cular weights (Mw) can be obtained for the HDA-PC’s ranging
from 4.200 to 20.000 g mol−1 by varying the composition of
the monomer mixtures. In order to evidence the reversibility of
the invented system, the degradation upon heating had to be
studied first. Therefore, P4 was dissolved in DMF and heated
to diﬀerent temperatures (60, 100, 140 °C). After stirring for
3 minutes at the desired temperature, the solvent was evapo-
rated and the residual was taken up in THF and analyzed via
Fig. 1 Analysis of the bonding/debonding behavior of the HDA-containing linear polycarbonates. (a) SEC analysis of polycarbonates P1–P4 with
diﬀerent degrees of polymerization. (b) SEC analysis of P4 at 25, 60, 100 and 140 °C. (c) SEC analysis of the bonding/debonding behavior of P4 upon
heating and cooling. P4or. is the original P4 polymer, P4deg. the degraded polymer at 120 °C and P4ref. the reformed polymer upon cooling. Solvent:
THF.
Scheme 2 Synthetic strategy for the formation of linear polycarbo-
nates bearing HDA moieties in the backbone (HDA-PC), as well as the
products of the rHDA reaction (rHDA1 and rHDA2).
Polymer Chemistry Paper
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SEC. In Fig. 1b the degradation of P4 with increasing tempera-
ture is clearly visible, as the molecular weight decreases from
20.000 g mol−1 at 25 °C to 590 g mol−1 at 140 °C.
In a final step, the reversibility had to be established.
Therefore, SEC analysis, UV/Vis and HT-NMR spectroscopy of
P4 were carried out. For SEC analysis, a solution of P4 in DMF
was heated to 120 °C and a sample was taken and analyzed via
SEC. The remaining solution was cooled to ambient tempera-
ture. After removal of the solvent, SEC analysis revealed that
the degradation is fully reversible since the same molecular
weight could be obtained as for the initial polymer (see
Fig. 1c). In addition, UV/Vis spectroscopy was carried out to
demonstrate the reversibility. Therefore, P4 was dissolved in
DMF and the solution was employed in three heating and
cooling cycles from 20 to 100 °C (upper limit of the instru-
ment) with a heating/cooling rate of 5 °C min−1. Since a
purple dithioester species (rHDA1) is formed upon heating,
the analysis was conducted at 530 nm. As can be seen in
Fig. 2a, the polymer can be cleaved and rebonded several
times. Moreover, HT-NMR spectroscopic studies were con-
ducted to prove the reversibility on a molecular level. Hence,
P4 was dissolved in DMSO-d6 and analyzed at diﬀerent temp-
eratures. As Fig. 2b reveals, the formation of the DiCp-linker
upon heating to 110 °C can be evidenced based on the reson-
ance between 6.4–6.5 ppm (Ha). When the sample is cooled to
25 °C the HDA moiety rebonds, which is indicated by the refor-
mation of the resonances between 5.6–5.85 ppm (Hb).
Polycarbonate networks
As the bonding/debonding on demand behavior of the linear
polycarbonates could be established, a polycarbonate network
was formed in a final step. As depicted in Scheme 3, a triol
species (HDA-triol) was synthesized in order to achieve
network formation. In a first step, a core bearing three cyclo-
pentadiene units had to be prepared. Therefore, 1,3,5-benzene-
tricarbonyl chloride was esterified with 3-bromo-1-propanol,
followed by a substitution reaction using NaCp to yield the
desired core (TriCp-linker). In order to prevent reactions
between the Cp moieties, the linker was directly employed in a
HDA reaction with the PDT-OH to form the stable HDA-triol.
As network formation using a phosgene solution and pyri-
dine (excess) would lead to an incorporation of the pyridinium
salt into the network decreasing its stability, a diﬀerent strat-
egy compared to the linear polycarbonate formation was fol-
lowed. Dimethyl carbonate was the reactant of choice, as it is
able to undergo polycarbonate formation using catalytic
Fig. 2 (a) UV/Vis analysis of the bonding/debonding behavior of the
polymer P4 at 530 nm from 20 to 100 °C with a heating/cooling rate of
5 °C min−1. (b) 1H NMR spectra of the bonding/debonding behavior of
the prepared linear polycarbonates using the HDA-diol and phosgene.
The resonance of the cyclopentadienyl moiety is depicted on the left
side (6.5–6.4 ppm, Ha) and the resonance associated with the HDA reac-
tion product is shown on the right side (5.85–5.6 ppm, Hb). After heating
to 110 °C for 5 min (cleavage), P4 is reformed upon cooling to 25 °C
(instant measurement after temperature is reached).
Scheme 3 Synthetic protocol for preparation of an HDA-containing
triol (HDA-triol).
Paper Polymer Chemistry
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amounts of TBD, yielding only methanol as byproduct, which
can readily be removed via evaporation. Moreover, it is a green
and environmentally friendly alternative to the highly toxic
phosgene. As can be seen in Fig. 3, a polycarbonate network
could be obtained using the HDA-triol and dimethyl carbonate
under TBD catalysis. When the formed network is heated to
120 °C, a drastic decrease in mechanic stability (solid to
liquid) as well as a coloration becomes visible, which indicates
the formation of the dithioester species (rHDA1). Moreover,
the network reforms upon cooling within minutes. Three
degradation and rebonding cycles were conducted, clearly
proving the reversibility of the invented system.
Conclusions
An in-depth study of a novel bonding/debonding on demand
polymer network based on a step-growth polymerization, fea-
turing HDA moieties, is presented. The employed HDA system
is known to undergo bonding and debonding at temperatures
between 30 and 120 °C within minutes. As linear polymers can
be investigated in more detail with regard to their molecular
changes than polymer networks, linear polycarbonates for
bonding/debonding tests were prepared in an initial step.
Therefore, a new HDA containing diol was synthesized and
reacted with phosgene (in solution) to form linear polycarbo-
nates. In depth studies of the polymers via SEC analysis, UV/
Vis and high temperature 1H NMR spectroscopy demonstrate
the degradability as well as the reversibility of the invented
system. In order to prepare a network, a new triol bearing
three HDA moieties was synthesized. The triol was then
reacted with dimethyl carbonate, which is a more environmen-
tally friendly alternative to phosgene, to form the desired step-
growth based network. Three heating and cooling cycles were
conducted, demonstrating the rapid bonding/debonding on
demand properties of the invented system, as the solid
network turns into a red liquid upon heating, yet is reformed
when cooled to ambient temperature within minutes.
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